1. Introduction {#sec1}
===============

Monoacylglycerol lipase (MAGL) activity was initially discovered to hydrolyse monoglycerides (MAGs) into glycerol in the intestine and adipose tissue of rats[@bib1], [@bib2]. Subsequently, the purification, cloning and enzymatic characterization of MAGL have involved many research groups[@bib3], [@bib4]. MAGL, ∼33 kDa serine hydrolase, contains an *α*/*β* hydrolase fold and a catalytic triad with the nucleophilic serine in the highly conserved pentapeptide sequence Gly-X-Ser-X-Gly (GXSXG) found in lipases, where X represents any amino acid[@bib4]. After around 40 years, MAGL was discovered to hydrolyse 2-arachidonoyl glycerol (2-AG) into arachidonic acid (AA) by Dinh et al[@bib5]. 2-AG is an important endogenous signalling lipid that activates the cannabinoid receptors (CB~1~R and CB~2~R) and also serves as an important lipid precursor for the eicosanoid signalling pathway ([Fig. 1](#fig1){ref-type="fig"}a). Anandamide (AEA) is another main endogenous ligand for CB~1~R and CB~2~R. Both 2-AG and AEA, derivatives of AA, share some features of classical neurotransmitters but differ in others, for example, being produced on-demand rather than stored in vesicles[@bib6]. 2-AG and AEA are produced and degraded by specific enzymatic pathways. For instance, the hydrolysis of 2-AG is mainly by MAGL, whereas AEA is hydrolysed mainly by fatty acid amide hydrolase (FAAH)[@bib6], [@bib7]. AA, the metabolite of 2-AG and AEA, is the major precursor for pro-inflammatory prostaglandin synthesis. Since physiological 2-AG levels are much higher than those of AEA[@bib7], MAGL generated more interest and was brought back to the spotlight of research again. Thereby, several selective inhibitors and genetic mouse models of MAGL were developed to study the (patho)physiological roles of MAGL. Using these powerful tools, Nomura et al.[@bib8] demonstrated that MAGL was the major enzyme that provides AA for eicosanoid biosynthesis in certain tissues. Furthermore, many studies, both genetic and pharmacologic, have demonstrated the important roles of MAGL in the regulation of endocannabinoid and eicosanoid signalling pathways[@bib9], [@bib10], [@bib11]. Thus, MAGL is considered as a promising therapeutic target for the treatment of various disorders, including neurodegenerative[@bib12], inflammation[@bib13], [@bib14], [@bib15], metabolic diseases[@bib16], [@bib17] and even cancer[@bib8], [@bib18].Figure 1Signalling pathways regulated by monoacylglycerol lipase (MAGL) and their potential therapeutic roles. (a) MAGL inhibition induces an accumulation of the endocannabinoid 2-AG, which further enhances cannabinoid signalling by activation of CB~1~R and CB~2~R. MAGL modulates the production of the primary AA precursor pool for pro-inflammatory prostaglandins in tissues including brain, liver and lung. Thus, inactivation of MAGL has a variety of beneficial effects either by reducing eicosanoid production or enhancing endocannabinoid signalling; (b) MAGL also plays an important role in cancer cells by controlling FFA levels, which serves as sources for pro-tumorigenic signalling lipids (*e.g*., PGE2, lysophosphatidic acid) synthesis. MAGL inhibition reduced FFA production and attenuated cancer cell pathogenicity in aggressive cancer cells.Figure 1

MAGL participates in the final lipolytic step of triacylglycerol catabolism and can broadly hydrolyse MAGs with different fatty acid chain length and saturation (*e.g*., 2-arachidonoyl glycerol, 2-palmitoylglycerol, 2-stearoylglycerol and 2-oleylglycerol)[@bib19]. Among them, the degradation of 2-AG by MAGL has been studied extensively[@bib7]. Since 2-AG is one of the most abundant endocannabinoids, it plays an essential role in the regulation of many physiological processes, including inflammation[@bib20], pain sensation[@bib21], neuroprotection[@bib22], food intake[@bib23], and addiction[@bib24]. Although 2-AG can be metabolized by multiple enzymes, MAGL is still the predominant one *via* hydrolysing the ester bond into AA and glycerol ([Fig. 1](#fig1){ref-type="fig"}a). AA acts as a substrate for several enzymes such as cyclooxygenases (COX-1 and COX-2), and can be further converted into inflammatory prostaglandins (PGs) and thromboxanes ([Fig. 1](#fig1){ref-type="fig"}a)[@bib25], [@bib26]. For 2-AG biosynthesis, there are several proposed pathways. However, diacylglycerol lipases (DAGLs, containing two isoforms DAGL*α* and DAGL*β*) are considered as the important enzymes for 2-AG production through the hydrolysis of diacylglycerol (DAG, [Fig. 1](#fig1){ref-type="fig"}a)[@bib7]. In addition, studies have shown that *Magl*-deficient mice have dramatically increased 2-AG levels in brain and peripheral tissues[@bib11]. However, these increased 2-AG levels did not induce the cannabimimetic effects that can be observed in the mice with acute inhibitor treatment. This discrepancy may be due to the desensitization of CB~1~R in the brain, which is caused by the chronic elevation of 2-AG in *Magl*-deficient mice[@bib11].

In 2010, Nomura et al.[@bib18] found that MAGL was highly expressed in aggressive human cancer cells and primary tumours, where it regulates an oncogenic signalling network of lipids that promotes cancer cell migration, invasion, survival and tumour growth ([Fig. 1](#fig1){ref-type="fig"}b). Both pharmacological and genetical blockade of MAGL have induced significant elevations in MAGs and reductions in free fatty acids (FFAs) in aggressive cancer cells ([Fig. 1](#fig1){ref-type="fig"}b)[@bib18]. These alterations of FFAs mediated by MGAL are only observed in aggressive human cancer cells, but not normal tissue, where MAGL mainly controls the levels of MAGs, but not of FFAs[@bib18], [@bib27]. These results indicated that the MAGL--FFA pathway is essential in aggressive human cancer cell lines and primary tumours[@bib18]. Additionally, the secondary lipid metabolites in the MAGL--FFA network can also be altered by suppression of MAGL. For example, the known oncogenic lipids including lysophospholipids (*e.g*., LPA, LPE and LPC), phosphatidic acid (PA), and prostaglandin (PGE2)[@bib28] have been reduced significantly by blockade of MAGL ([Fig. 1](#fig1){ref-type="fig"}b). These alterations contribute partially to the role of MAGL in cancer pathogenicity in aggressive human cancer cells. Of note, the exact pathways that FFAs are converted to oncogenic lipids are still unclear, although there are some proposed ones[@bib18]. More studies about the role of MAGL in cancer cells will be discussed in detail in later section.

As summarized in [Fig. 1](#fig1){ref-type="fig"}, MAGL plays a critical role in lipid signalling: i) it is the major enzyme that controls the levels of 2-AG, an important lipid with various neuroprotective effects; ii) inactivation of MAGL induces an elevation in brain levels of 2-AG and a reduction of AA, a key precursor of pro-inflammatory prostaglandins, resulting in the reduction of neuroinflammation; iii) MAGL regulates the levels of FFAs in aggressive cancer cells, and this MAGL-promoted fatty acid network drives a number of pro-tumorigenic signalling pathways. Based on these, MAGL is emerging as a promising drug target for various diseases.

The determination of the crystal structure of MAGL provides the evidence how the enzyme interacts with substrate and inhibitors and gives insights to future MAGL inhibitor development[@bib29], [@bib30]. Substantial efforts by research groups and pharmaceutical companies have led to the development of MAGL inhibitors. In general, two types of inhibitors have been reported based on the reaction mechanisms: i) inhibitors that covalently and irreversibly bind on MAGL; ii) inhibitors that bind reversibly to MAGL[@bib31], [@bib32]. Among them, irreversible inhibitors are the majority for MAGL, and only a few reversible inhibitors have been reported recently. Here, we focus on an overview of MAGL, including its structural features and biochemical properties, tissue distribution and (patho)physiological roles, the current state of MAGL inhibitor development and their therapeutic potential.

2. Structure, distribution, biochemistry and physiology of MAGL {#sec2}
===============================================================

2.1. Structural features and biochemical properties {#sec2.1}
---------------------------------------------------

MAGL is a membrane-associated soluble enzyme, which belongs to the serine hydrolase superfamily. MAGL was first purified from rat adipose tissue in 1976[@bib33] and cloned from mouse adipocytes in 1997[@bib4]. The X-ray crystal structure of MAGL was reported in 2009[@bib29]. MAGL crystalizes as a dimer and belongs to the *α*/*β* hydrolase superfamily. MAGL contains the cap domain in the structure, which is substantially different from that of other proteins in the superfamily ([Fig. 2](#fig2){ref-type="fig"}). Crystallographic data have revealed that the cap is flexible, indicating the existence of other conformations. Ser122-Asp239-His269 residues were identified as the catalytic triad for MAGL, with Ser122 identified as the nucleophile interacting with the carbonyl group of the substrate ([Fig. 2](#fig2){ref-type="fig"}). There is a wide hydrophobic entry to the catalytic site of MAGL, with the entry edge nearby hydrophobic helixes, which suggests the amphichroic character of MAGL and likely allows MAGL to interact with membranes and recruit lipophilic substrates. Additionally, three cysteines (Cys201, Cys208, and Cys242) located near the catalytic triad were proposed to stabilize the active conformation of MAGL[@bib34]. These cysteine residues also provide opportunities to develop selective MAGL inhibitors over other serine hydrolases.Figure 2(a) Overall structure of human MAGL, referred by X-ray crystal structure of MAGL, PDB code [3HJU](pdb:3HJU){#intref0015}[@bib29]. The catalytic triad represented by sticks (Ser122-Asp239-His269), and cap domain is shown in magenta; (b) binding pockets of MAGL. The catalytic triad and glycerol exit channel are coloured by blue and red. The membrane entrance is indicated by arrow.Figure 2

MAGL preferentially hydrolyses monoacylglycerols to glycerol and fatty acids with no positional preference for *sn*-1 (**3**) or 2-monoacylglycerols (MAGs)[@bib19], [@bib35]. MAGs are always short-lived lipids, which could be from both intra- and extracellular. One of the important MAGs is endocannabinoid 2-AG, which can be degraded into arachidonic acid and glycerol[@bib36]. In most tissues including brain, more than 80% of 2-AG hydrolytic activity is prevented by inhibition of MAGL, this suggests the dominant role of MAGL for 2-AG degradation[@bib37], [@bib38]. FAAH, the key enzyme for degradation of AEA, has also been reported to contribute to the degradation of 2-AG to some extent *in vitro*[@bib39]. Other studies have indicated that prostaglandin glycerol esters, the poorly characterized inflammatory mediators, could also be hydrolysed by MAGL[@bib40]. More recently, MAGL has been identified to hydrolyse fatty acid ethyl esters that are generated in response to alcohol consumption[@bib41].

2.2. Tissue distribution and physiological roles of MAGL {#sec2.2}
--------------------------------------------------------

MAGL is highly expressed in brain, liver, adipose tissue, intestine, and others, and that have been demonstrated by both genetic and pharmacological inhibition of MAGL in mice. In brain, MAGL is expressed in neurons, astrocytes, and oligodendrocytes, and in microglia (to a lower extent)[@bib5], [@bib42]. Western blot studies revealed heterogenetic of MAGL protein of multiple molecular weights[@bib4], [@bib5]. In mice, a single MAGL band is observed at ∼33 kDa in adipose tissue, liver, lung, heart, kidney, spleen, and adrenal glands, whereas in brain, testis, and skeletal muscle, MAGL migrates with another molecular weight[@bib37]. In brain, MAGL bands were observed at ∼33 and 35 kDa. In testis, MAGL migrates as a single band of ∼30 kDa. In muscle, MAGL migrated at a molecular weight of ∼40 kDa. However, the source of this variation is unclear and might result either from alternative splicing or from posttranslational modifications[@bib4]. Although phosphorylation or other modification of MAGL has not been reported, these process may regulate MAGL activity and localization[@bib4], [@bib43]. MAGL variation in subcellular localization can also be explained by alternative splicing, which would meet specific needs of a cell in the particular tissue of physiological process.

The understanding of the metabolic and physiological roles of MAGL has recently been accelerated by the development of selective MAGL inhibitors that are active *in vivo* such as JZL184[@bib9], and of *Magl* knock out mice (*Magl*^−/−^)[@bib17], [@bib44]. In brain, genetic or pharmacological inhibition of MAGL reduces 2-AG hydrolytic activity by at least 80%. The remaining ∼20% of 2-AG hydrolytic activity was reported to be responsible by other serine hydrolases, such as *α*/*β*-hydrolases 6 and 12 (ABHD6 and ABHD12)[@bib37]. ABHD6 and ABHD12 contribute to approximately 20% of 2-AG hydrolysis, however, the exact roles in 2-AG metabolism and signalling are still unclear. MAGL is the primary enzyme responsible for 2-AG degradation, which is confirmed by MAGL inhibitors and *Magl*^−/−^ mice model[@bib8], [@bib9], [@bib11]. Recent reports suggest that ABHD6 acts as the dominant enzyme for 2-AG hydrolysis in cells where MAGL is not expressed[@bib26], [@bib45], [@bib46]. In neurons, both ABHD6 and MAGL are expressed but with different subcellular distribution. ABHD6 is localized at post-synaptic membranes and MAGL is predominantly observed presynaptically. ABHD6 is suggested to contribute 2-AG formation at the post-synaptic site, while MAGL is mainly for pre-synaptic site[@bib46]. In peripheral tissues, inhibition of MAGL by JZL184, a known potent and selective MAGL inhibitor, led to the accumulation of 2-AG to varying extents[@bib27]. In testis and adipose tissue, there was 40%--50% reduction of 2-AG hydrolysing activity after JZL184 treatment, which suggests the presence of another hydrolase in these tissues, or the potential impact of alternative species on MAGL activity[@bib27]. Of note, the complete inhibition of MAGL activity by JZL184 in these tissues is considered.

In addition to the reduction of monoacylglycerol levels such as 2-AG, MAGL inhibition was surprisingly found to decrease arachidonic acid (AA), prostaglandin and thromboxane production in mice brain[@bib8]. Phospholipases have historically been considered as the major enzyme for AA-dependent prostaglandin production. Recent data suggests that cytosolic phospholipase A2 (cPLA2) is the major AA-releasing enzyme in gut, spleen and macrophages, whereas MAGL plays the dominant role to produce AA in brain, liver and lung[@bib8], [@bib47]. *Magl*-deficient mice or chronic pharmacological inhibition of MAGL leads to partial desensitization of the CB~1~R in the brain and loss of cannabinoid-mediated effects and produces cross-tolerance to exogenous CB~1~ agonists due to functional antagonism. Additionally, *Magl*^−/−^ mice also have impaired CB~1~-dependent synaptic plasticity and physical dependence[@bib11]. Therefore, it worth of interest to find an inhibition window for MAGL that maintains endocannabinoid signalling under chronic inhibition.

3. MAGL and diseases {#sec3}
====================

3.1. MAGL in inflammation and neurological disorders {#sec3.1}
----------------------------------------------------

Cannabinoids have been used as analgesics for a quite long time, and only recently endocannabinoid system has been linked to inflammation[@bib48], [@bib49]. Inflammatory processes are always associated with multiple neurodegenerative disorders. Moreover, pain and inflammatory processes are considered to be a hallmark of neurological diseases, including Alzheimer\'s disease (AD), Parkinson\'s disease (PD), multiple sclerosis (MS) and stroke[@bib50]. CB~1~R and CB~2~R agonists and cyclooxygenase (COX) inhibitors have been shown to have beneficial effects on various inflammatory diseases[@bib49], [@bib51]. However, use of COX1 and COX2 inhibitors have been limited because they can cause gastrointestinal and cardiovascular injury[@bib52], [@bib53]. MAGL has been discovered to reduce AA and prostaglandins levels in specific tissues, suggesting its potential as a therapeutic target for inflammation. In LPS-treated mice, administration of a MAGL inhibitor reduced pro-inflammatory prostaglandin and cytokine formation[@bib8], [@bib54]. MAGL inhibition has produced neuroprotective effects in animal models of Parkinson disease and multiple sclerosis. MAGL inhibition leads to accumulation of 2-AG and activation of cannabinoid receptors; however, these neuroprotective responses seem not to be driven *via* cannabinoid receptor dependent pathway, but lowering pro-inflammatory eicosanoids. The attenuated neuroinflammatory responses in animal models were not reversed upon cannabinoid receptor antagonists, indicating that the observed protective effects were mainly due to the reduction of prostaglandin and cytokine levels in brain. However, chronic MAGL inhibition that induces the functional desensitization of the cannabinoid system might also contribute to the neuroprotective response.

3.2. MAGL in metabolic disorders {#sec3.2}
--------------------------------

Metabolic disorders are a major public health care concern that has been associated with the endocannabinoid signalling. CB~1~R activation induced the increase of lipogenesis and lipid deposition, hyperphagy and hypomotility[@bib55]. In contrast, *Cb*~*1*~^*−/−*^ mice showed hypophgia, leanness, hepatic steatosis and insulin resistance[@bib56], [@bib57]. Blockade of CB~1~R by the selective inverse agonist rimonabant reduced hepatic steatosis and dyslipidemia in animal models. Rimonabant (Acomplia®), a promising drug for obesity treatment, could reduce weight loss and improve cardiovascular risk factors, but it had to be removed from the market because of severe central psychiatric side effects[@bib58]. *Magl*^−/−^ mice were recently reported to have reduced body weight upon both low-fat diet (LFD) and high-fat diet (HFD). Besides, *Magl*^−/−^ mice were found significantly leaner than WT mice, the serum lipid levels in *Magl*^−/−^ mice were decreased as well[@bib17]. Additionally, in pancreatic *β*-cells, MAGL was discovered to regulate insulin release and recent data also showed that glucose-stimulated and depolarization-induced insulin secretion were prevented by MAGL inhibitors[@bib59]. Taken together, these data suggest that selective inhibition of MAGL might represent a new alternative therapeutic avenue to treat metabolic disorders.

3.3. MAGL in cancer {#sec3.3}
-------------------

Beyond inflammation and metabolic disorders, MAGL was also implicated to play a pathophysiological role in cancer. Nomura et al.[@bib18] demonstrated that MAGL activity was highly elevated in multiple types of aggressive human cancer cells, including ovarian, breast and melanoma cancer cells. MAGL was discovered to be involved in several cellular processes in these cells, including cellular growth, survival, migration and invasion. These studies suggest that MAGL promotes cancer aggressiveness by providing a pool of FFAs for oncogenic signalling of lipid synthesis. Inhibition of MAGL induced the reduction of FFAs, lysophosphatidic acid and prostaglandins, leading to the decrease of cancer cell aggressiveness, reportedly independent on endocannabinoid signalling[@bib18]. Nomura et al.[@bib60] further reported the high activity of MAGL in prostate cancer cells, and inhibition of MAGL activity impaired prostate cancer aggressiveness through FFAs reduction and CB~1~R activation. Other studies have demonstrated the high expression of MAGL in colorectal cancerous tissues, and tumorigenesis in colorectal cancer cell lines was impaired by MAGL inactivation[@bib61]. Recently, a high expression of MAGL was also detected in nasopharyngeal and hepatocellular carcinoma, and knockdown of MAGL in these cells reduced cellular migration[@bib62], [@bib63]. Additionally, MAGL inhibition has been observed to have effects on cancer-associated symptoms, including alleviating pain and quelling nausea[@bib64]. These studies suggest that MAGL plays a distinct role in driving cancer malignancy and is a potential therapeutic target for cancer treatment. However, more research is still required to explore the role of MAGL in malignant human cancer cells, for example, to determine whether the mechanism is cannabinoid signalling dependent or independent. In addition, inhibitors of MAGL have shown promise as anti-cancer agents, while alleviating cancer-associated symptoms, and may contribute to the understanding of the physiological role of MAGL in cancer aggressiveness.

4. Assays to measure MAGL activity {#sec4}
==================================

4.1. Surrogate substrate assay {#sec4.1}
------------------------------

Several types of MAGL activity assays are currently available. The first type of assay employs surrogate substrates, for example, 4-nitrophenylacetate (4-NPA)[@bib65] and 7-hydroxycoumarinyl arachidonate (7-HCA)[@bib66], which mimics the reaction between MAGL and its natural substrate 2-AG ([Fig. 3](#fig3){ref-type="fig"}a). A surrogate substrate assay is generally used for inhibitor identification due to its cost-effectiveness and product easy detection. Surrogate substrate assays have multiple advantages. For example, enzymatic reaction progress can be monitored real-time by measuring absorption or fluorescence ([Table 1](#tbl1){ref-type="table"}). According to the product detection methods, radiometric assays have also been used to detect MAGL activity *in vitro*, utilizing radiolabelled substrate, such as \[^3^H\]-2-oleoylglycerol (\[^3^H\]-2-OG)[@bib5], [@bib67]. This method is more sensitive than previous methods using absorption or fluorescence detection, however, the wide-spread use of radiometric assays is limited by complex experimental procedures, including lipid extraction, fractionation on thin layer chromatography, and radiolabelled substrate (\[^3^H\]-2-OG) quantification. With the development of the 4-NPA-based surrogate substrate assay, Sanofi--Aventis[@bib68] identified a highly potent and selective MAGL inhibitor SAR127303. However, to some extent, surrogate substrate assays are limited in their ability to evaluate inhibitor activities, and also may affect the determination of inhibitor potency (*e.g*., IC~50~ values) with artificial substrates ([Table 1](#tbl1){ref-type="table"}). For example, binding affinities with MAGL usually have been attenuated compared with MAGL\'s natural substrate 2-AG. For this reason, additional assays are required to confirm the potency of inhibitors, for example, natural substrate assays are always preferred for inhibitor potency confirmation.Figure 3The principles for substrate assays. (a) Surrogate substrate assays normally employ artificial substrates \[*e.g*., 4-nitrophenylacetate (4-NPA), 7-hydroxycoumarinyl arachidonate (7-HCA)\], which mimic the reaction between MAGL and its natural substrate 2-arachidonoyl glycerol (2-AG). The enzymatic reaction can be monitored real-time by absorption or fluorescence; (b) a natural substrate-based fluorometric glycerol assay for MAGL. Natural substrate 2-AG is degraded to AA and glycerol by MAGL. Subsequently, after an enzymatic cascade reaction, glycerol is converted to H~2~O~2~, which converts Amplifu™ Red to the fluorescent product resorufin in the presence of HRP.Figure 3Table 1A summarization of the pros and cons for surrogate substrate assays, natural substrate assays and ABPP assays.Table 1AssayProsConsSurrogate substrate assaysCost-effectiveness; easy detection of the product; enzymatic reaction progress can be monitored in real-time.Binding affinities of enzymes can be attenuated due to artificial substrate; inhibitor potency (*e.g*., IC~50~ values) might be affected by use of different surrogate substrates.LC--MS-based assays (natural substrate assays)Highly sensitive and accurate.Costly; less high throughput; cannot monitor enzymatic reaction progress in real-time; complex experimental procedures (*e.g*., lipid extraction); limited samples can be acquired and measured.Fluorometric glycerol assay (natural substrate assays)Using natural substrate (2-AG); enzyme inhibition can be tested in a more physiological condition; enzymatic reaction progress can be monitored in real-time; application in high throughput screening.False-positive reduction: compounds interacting with glycerol should be excluded; experimental procedure is less straightforward.ABPPWithout the need of substrate; activity and selectivity can be measured in one single experiment; both *in vitro* and *in vivo* activity/selectivity can be measured; a selectivity profile across entire proteome can be measured.An effective activity-based probe is required; gel-based ABPP assay is less high throughput.

4.2. Natural substrate assay {#sec4.2}
----------------------------

Several classes of natural substrate assays exist to measure MAGL activity. Liquid chromatographic methods coupled with mass spectrometry (LC--MS) have been used to directly measure AA formation[@bib69], [@bib70]. For example, Takeda[@bib70] has identified piperazinyl pyrrolidin-2-ones as a novel series of reversible MAGL inhibitors based on this type of assay. LC--MS-based assays are highly sensitive and accurate, but require lipid extraction and phase separation. LC--MS-based assays are more costly and less high throughput compared with surrogate substrate assays ([Table 1](#tbl1){ref-type="table"}). Therefore, LC--MS-based assays are not ideal for inhibitor screening. Furthermore, LC--MS-based assays cannot monitor an enzymatic reaction progress in real-time, because of the discontinuous setup. Besides, a coupled enzyme glycerol assay for MAGL has been developed based on an enzymatic cascade reaction that couples the conversion of the natural substrate 2-AG to the formation of a fluorescent signal ([Fig. 3](#fig3){ref-type="fig"}b)[@bib71]. This assay allows 2-AG hydrolysis to be studied in real-time in 96-well (or even 384-well) plates using recombinant MAGL and avoiding the lipid extraction step. Natural substrate assays are generally used to further confirm inhibitor potency, and other more reliable results may be obtained from them compared with surrogate substrate assays.

4.3. Activity-based protein profiling (ABPP) {#sec4.3}
--------------------------------------------

Recently, competitive ABPP was employed as another class of assay to identify and optimize inhibitors for multiple enzymes ([Fig. 4](#fig4){ref-type="fig"}). ABPP is a powerful and robust chemical biology technique to study target engagement of inhibitors in a native system. Competitive ABPP makes use of activity-based probes (ABPs) that label the active sites of target enzymes from lysates, intact cells or even animal tissues to assess the activity and selectivity of inhibitors in a single experiment without the need of having substrate ([Table 1](#tbl1){ref-type="table"})[@bib72], [@bib73]. In competitive ABPP, inhibitors are pre-incubated with a biological sample, and enzyme activities are subsequently detected and monitored by ABP ([Fig. 4](#fig4){ref-type="fig"}). Broad-spectrum ABPs that target a whole (or to a large extent) family of proteins, are generally used for inhibitor identification and optimization[@bib72]. ABP generally consists of a warhead, a linker and a reporter tag (*e.g*., fluorophore, biotin, [Fig. 4](#fig4){ref-type="fig"}a). Fluorescent tags are usually used for gel-based ABPP assays, and biotin tags are used to identify and characterize the interacting proteins by mass spectrometry[@bib72]. Competitive ABPP assays are able to assess activity and selectivity of inhibitors both *in vitro* and *in vivo*, and are highly valuable and complementary method to traditional substrate assays[@bib73]. Currently, two structurally different ABPs have been developed for detection of MAGL activity in proteomes: fluorophosphonate (FP)-based probes[@bib72], [@bib74] and JW912[@bib75]. For example, the FP-based probe FP-rhodamine (FP-Rh), a broad-spectrum serine hydrolase probe, labels multiple enzymes, including MAGL. JW912, a tailor-made fluorescent probe, was developed based on a scaffold of MAGL inhibitors and is highly specific to MAGL and ABHD6. By using ABPP as the key method, Cisar et al.[@bib76] identified and developed the clinical MAGL inhibitor ABX-1431. In case the ABPs do not work well due to poor stability or lack enzyme specificity, click chemistry ABPP (CC-ABPP) may be utilized. The essence of this approach is to convert the inhibitor of interest into a clickable probe *via* introduction of a small ligation handle, such as an alkyne or an azide ([Fig. 4](#fig4){ref-type="fig"}c)[@bib73]. Of note, click chemistry ABPP provides a more complete assessment of selectivity across the entire proteome (not limited by protein class or function), comparing with competitive ABPP.Figure 4Overview of activity-based protein profiling (ABPP). (a) Representative cartoon structure of activity-based probe (ABP): reactive group (blue), linker (grey), and reporter tag (red); (b) in competitive ABPP, proteomes (tissue or cell lysates) are pre-incubated with inhibitors, and ABPs (broad-spectrum direct probes) are added subsequently; (c) click chemistry ABPP (CC-ABPP) provides a direct measurement of probe labelling events, and a more global map of covalent interaction.Figure 4

5. MAGL inhibitors {#sec5}
==================

According to the interactive mechanism between inhibitors and enzyme, the inhibitors can generally be divided into two classes: reversible and irreversible ([Fig. 5](#fig5){ref-type="fig"})[@bib77]. Initially, the inhibitor binds the enzyme to form an enzyme--inhibitor (EI) complex. Subsequently, the EI complex can either i) reverse to release the free enzyme (reversible inhibitor), or ii) undergo a tightening interaction. For reversible inhibitors, enzyme activity is recovered due to the non-covalent association and the reversible equilibrium with the enzyme ([Fig. 5](#fig5){ref-type="fig"}a)[@bib77]. For irreversible inhibitors, the complex shifts from EI to form EI~inact~, preventing the dissociation of EI ([Fig. 5](#fig5){ref-type="fig"}b)[@bib77]. However, some inhibitors undergo a conversion from EI~inact~ to the transition state EI, and are defined as partially/slowly reversible inhibitors[@bib69], [@bib78] ([Fig. 5](#fig5){ref-type="fig"}c)[@bib77]. To reverse the partially reversible inhibitor--enzyme complex EI~inact~, special treatments such as dialysis are required[@bib69], [@bib77].Figure 5Binding mechanism of reversible, irreversible and partially reversible inhibitors[@bib77]. (a) Reversible inhibitors interact with the enzyme to form a transition state complex (EI) in a reversible way; (b) irreversible inhibitors initially bind to the enzyme to form the EI complex and subsequently irreversibly inactive the enzyme, generating a permanent inactive form EI~inact~, which prevents the dissociation of the EI complex (*K*~a~ \> 0). (c) Partially reversible inhibitors undergo a conversion from EI~inact~ to the transition state EI (*K*~a~ \> 0, *K*~b~ \> 0).Figure 5

To date, a couple of chemotypes have been reported as MAGL inhibitors, which can be classified into (a) irreversible inhibitors: maleimides, disulfides, carbamates, ureas and arylthicarmide, and (b) reversible inhibitors: tetrahydrolipstatin-based derivatives (*β*-lactones), isothiazolines, natural terpenoids and amide-based derivatives, etc. Among them, the most reported MAGL inhibitors are irreversible ones, whereas only recently have reversible inhibitors been reported.

5.1. Irreversible inhibitors {#sec5.1}
----------------------------

### 5.1.1. Maleimides {#sec5.1.1}

Unlike other serine hydrolase, MAGL has been demonstrated to interact with sulfhydryl-sensitive inhibitors, mostly due to the active cysteine residues near its active site (Cys201, Cys208 and Cys242)[@bib79]. Maleimide derivatives such as *N*-ethylmaleimide (**1**) ([Fig. 6](#fig6){ref-type="fig"}a), comprising mercapto-specific functions, were identified as the starting points for MAGL inhibitor development. Structure--activity relationship (SAR) modification by increasing lipophilicity resulted in the identification of *N*-arachidonoyl maleimide (NAM, **2**) with an IC~50~ of 1.12 μmol/L against human MAGL[@bib80] ([Fig. 6](#fig6){ref-type="fig"}a and c, [Table 2](#tbl2){ref-type="table"}[@bib9], [@bib34], [@bib68], [@bib70], [@bib75], [@bib76], [@bib80], [@bib81], [@bib82], [@bib83], [@bib84], [@bib85], [@bib86], [@bib87], [@bib88], [@bib89], [@bib90], [@bib91], [@bib92], [@bib93]). Further modification of NAM led to the discovery of compound **3** ([Fig. 6](#fig6){ref-type="fig"}a), which showed higher activity (IC~50~ = 0.79 μmol/L) and better selectivity against human MAGL over FAAH in comparison with NAM[@bib80]. Maleimide derivatives are proposed to interact covalently and irreversibly with the sulfhydryl group of cysteine residues through a Michael addition to form a *S*-alkylated MAGL adduct ([Fig. 6](#fig6){ref-type="fig"}b)[@bib80]. Although NAM and **3** are active and selective against MAGL, they have been rarely used for functional studies because the maleimide group, which is considered as a thiol-reactive electrophile, might react with other cysteine-containing proteins or enzymes.Figure 6Maleimide-based MAGL inhibitors. (a) Chemical structures of maleimide-based MAGL inhibitors **1**--**3**; (b) proposed cysteine-dependent interactive mechanism of MAGL and maleimides; (c) reported IC~50~ values of maleimide-based inhibitors **1**--**3** against MAGL.Figure 6Table 2Overview of known MAGL inhibitors classified as chemotype and assay type.Table 2ChemotypeInhibitorReversibilityMAGL inhibition (IC~50~ nmol/L)Surrogate substrate assayNatural substrate assayABPP assayMaleimidesNAM (**2**)Irreversible1120[@bib80] (hMAGL)DisulfidesDisulfiram (**4**)Irreversible360[@bib81] (hMAGL)Compound **6**Irreversible166[@bib81] (hMAGL)CarbamatesURB602 (**7**)Partially reversible10000[@bib80] (hMAGL)\
28000[@bib82] (rMAGL)JZL184 (**8**)Irreversible480[@bib68] (hMAGL)8[@bib9] (mMGAL)\
95[@bib83] (mMAGL)\
2700[@bib83] (rMAGL)\
6[@bib9] (hMAGL)10[@bib84] (mMGAL)\
262[@bib84] (rMAGL)\
3.9[@bib84] (hMAGL)KML29 (**9**)Irreversible2.5[@bib84] (mMAGL)\
0.85[@bib83] (mMAGL)\
2.5[@bib83] (rMAGL)\
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### 5.1.2. Disulfides {#sec5.1.2}

Disulfiram (**4**), an aldehyde dehydrogenase (ALDH) inhibitor used to treat alcoholism, was reported to show inhibitory activity against human MAGL with a pIC~50~ of 5.90 (IC~50~ = 0.36 μmol/L)[@bib81] ([Fig. 7](#fig7){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}). Based on the scaffold of **4**, a series of analogues with different *N*-substitutions have been synthesized to improve the activity and selectivity for human MAGL. To the end, compounds **5** and **6** were identified to exhibit optimal activity against human MAGL with pIC~50~ of 6.96 and 6.78 μmol/L, respectively ([Fig. 7](#fig7){ref-type="fig"})[@bib81]. Both of these compounds showed more than 1000-fold selectivity over human FAAH, particularly, compound **6** rarely inhibited human FAAH even at 1 mmol/L concentration ([Fig. 7](#fig7){ref-type="fig"}b)[@bib81]. According to the exploration of the reversibility, disulfide derivatives were presumed to irreversibly interact with MAGL by formation of disulfide bonds with MAGL cysteine residues (Cys208 and Cys242).Figure 7Disulfide-based MAGL inhibitors. (a) Chemical structures of disulfide-based MAGL inhibitors **4**--**6**; (b) activities of disulfide-based inhibitors **4**--**6** against human MAGL and FAAH.Figure 7

### 5.1.3. Carbamates {#sec5.1.3}

URB602[@bib82] ([Fig. 8](#fig8){ref-type="fig"}), the first-generation of MAGL *O*-aryl carbamate inhibitor, modestly inactivated rat brain MAGL with an IC~50~ of 28 μmol/L ([Table 2](#tbl2){ref-type="table"}). URB602 showed low potency *in vivo*, and increased (∼2-fold) 2-AG concentrations, but had no effect on AEA. However, the relative low potency against MAGL and cross-reactivity with FAAH[@bib94] make URB602 unsuitable to study the physiological role of MAGL. To determine the reversibility of URB602, dialysis experiments were performed, suggesting that URB602 is not a full irreversible agent, but partially reversibly binds to MAGL[@bib69]. It was also proposed that an *O*-substituent of URB602 was the leaving group after hydrolysis.Figure 8Chemical structures of known carbamate-based MAGL inhibitors (**7**--**11**, **14**--**16** and **18**--**21**) and probes. Among them, compounds **12**, **13** and **17** are clickable probes to determine proteome-wide selectivity profiles for MAGL inhibitors **10**, **11** and **15**.Figure 8

In 2009, Long et al.[@bib9] identified the first selective and *in vivo* active MAGL inhibitor JZL184 (**8**) ([Fig. 8](#fig8){ref-type="fig"}) by using the robust technique ABPP ([Fig. 4](#fig4){ref-type="fig"}). Discovery of JZL184 is considered as one of the important breakthroughs for MAGL inhibitor development, and it accelerated our understanding of MAGL\'s physiological roles. JZL184, a piperidine carbamate, is regarded to inhibit enzyme activity covalently and irreversibly by carbamylating a serine residue in the active-site of MAGL. JZL184[@bib9] shows high inhibitory potency against MAGL at nanomolar range (IC~50~ = 8 nmol/L, mMAGL) ([Table 2](#tbl2){ref-type="table"}). Competitive ABPP indicated that JZL184 was around 100-fold more selective for MAGL over FAAH and other serine hydrolases in mouse brain. In peripheral tissues, however, JZL184 exhibited inhibitory effects on several other enzymes, including esterase 1, esterase 1-like, and triacylglycerol hydrolase[@bib27]. *In vivo* experiments showed that 2-AG hydrolysis was inhibited ∼85% in mouse brain by inhibition of MAGL with JZL184, resulting in a dramatical increase of 2-AG levels in brain[@bib94]. JZL184 exerted a long duration of action, and MAGL inhibition was up to 24 h. The maximal elevation of 2-AG induced by JZL184 (i.p. 16 mg/kg, single dose) lasted for 8 h[@bib9]. Beneficial effects were observed by the administration of JZL184 in multiple animal models, including pain alleviation, inflammation, emesis, anxiety, neurodegeneration, and cancer pathogenicity[@bib11], [@bib95], [@bib96]. JZL184 serves as an important chemical tool and drug candidate to pharmacologically explore the (patho)physiological roles of MAGL. However, subsequent studies have disclosed that chronic and complete inhibition of MAGL by JZL184 induced desensitization of CB~1~R in mouse brain. CB~1~R desensitization is a loss of cannabinoid-mediated effects and physical dependency, that is also observed in *Magl* knockout mice[@bib11]. This might be due to the complete inhibition of MAGL, since further studies revealed that chronic and partial inhibition of MAGL maintained the CB~1~-mediated signalling, and avoided the functional antagonism of the cannabinoid system[@bib11]. Of note, although JZL184 is a highly potent MAGL inhibitor, it also cross reacts with several other off-targets such as ABHD6[@bib9]. Thus, further structural modification of JZL184 was continued, resulting in the generation of several new carbamate derivatives, including the *O*-hexafluoroisopropyl (HFIP) and *N*-hydroxysuccinimidyl (NHS) analogues[@bib84] (compounds **9**--**11**; [Fig. 8](#fig8){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}). Among them, KML29 (**9**) ([Fig. 8](#fig8){ref-type="fig"}), a derivative of JZL184 with HFIP as a leaving group, displayed a complete selectivity for MAGL over FAAH in ABPP assays both *in vitro* and *in vivo*[@bib97], [@bib98]. Notably, KML29 was selective over ABHD6 to some extent (only observed ABHD6 inhibition at 10 μmol/L), comparing with JZL184 and other derivatives. Moreover, unlike JZL184, KML29 did not show any inhibition of carboxylesterases (*e.g*., esterase 1 and esterase 1-like) even at high doses (40 mg/kg) in mouse liver, and only exhibited minimal inhibition against carboxylesterase 1 in mouse lung[@bib97]. Of note, JZL184 shows little inhibition of rat MAGL both *in vitro* and *in vivo*, however, KML29 maintains high potency and selectivity against rat MAGL and increases 2-AG levels in rat brain. As a carbamate-based inhibitor, KML29 was demonstrated to covalently and irreversibly react with MAGL by the formation of the carbamylated enzyme--inhibitor adduct[@bib84].

A subsequent modification of KML29 on the staying group led to the discovery of JW651 (**10**)[@bib75], which maintains similar activity but with improved selectivity for MAGL, compared with JZL184 and KML29. JW651 inhibited human MAGL at 100 nmol/L *in vitro* and complete inhibited MAGL in mouse brain at doses as low as 5 mg/kg[@bib75]. JW651 was highly selective against MAGL even at high concentration (100 μmol/L) *in vitro* and high dose (40 mg/kg) *in vivo*, with ABHD6 the only identified off-target inhibition in mouse brain. Later on, Niphakis et al.[@bib85] reported MJN110 (**11**), a carbamate-based inhibitor with the replacement of the HFIP group in JW651 by a NHS group. MJN110 exhibited high potency and selectivity against MAGL. MJN110 was able to completely inhibit MAGL at 1 μmol/L and *in vivo* inhibition was observed as low as 1 mg/kg (oral or intraperitoneal injection)[@bib85]. To comprehensively study the selectivity profiles of JW651 and MJN110 on a proteome-wide level, click chemistry ABPP was applied by using alkyne-bearing analogues of JW651 and MJN110 \[clickable probes **12** (JW651yne) and **13** (MJN110yne), [Fig. 8](#fig8){ref-type="fig"}\]. The results of click chemistry ABPP have confirmed that both of the inhibitors were selective across the entire proteome[@bib75], [@bib85]. Taken together, the discovery of highly potent, selective and irreversible carbamate-based MAGL inhibitors such as JW651 and MJN110 provides important tools for target validation, and these compounds also serve as useful templates for drug discovery.

In 2015, Sanofi--Aventis[@bib68] reported a new class of carbamate-base inhibitor SAR127303 (**14**) with little similarities to known MAGL inhibitors ([Fig. 8](#fig8){ref-type="fig"}). SAR127303 showed high potency towards recombinant human MAGL with an IC~50~ of 48 nmol/L in a biochemical assay with 4-nitrophenylacetate (4-NPA) as a substrate ([Fig. 3](#fig3){ref-type="fig"}a and [Table 2](#tbl2){ref-type="table"}). Meanwhile, SAR127303 exhibited high selectivity against MAGL over other serine enzymes (but interacted with ABHD6) and a variety of other potential targets, including 170 kinase, ion channels, neurotransmitter transporters, and receptors (*e.g*., CB~1~R and CB~2~R)[@bib68]. Furthermore, SAR127303 was able to dramatically increase 2-AG levels in mice and produce analgesic effects in inflammation and pain animal models. However, CB~1~ antagonist can reverse the analgesic effects caused by SAR127303, but not CB~2~ antagonist, indicating the analgesia effect produced by SAR127303 is mainly due to a CB~1~-dependent mechanism. Importantly, *in vivo* experiments have demonstrated that SAR127303 did not produce hypothermia, catalepsy or hypomotility effects. Of note, this compound altered the learning and memory performances of animals, which might limit its clinical application.

In 2017, Pfizer[@bib66] reported a series of highly efficient MAGL inhibitors based on the carbamate scaffold. They identified the lead compounds through a parallel medicinal chemistry approach that highlighted the improved efficiency of azetidine and piperidine derived carbamates[@bib66]. LipE (calculated as the pIC~50~--log*P*) and FQ (fit quality) were used to normalize the potency between lipophilicity and molecular weight. LipE normalizes potency enhancements of an inhibitor to lipophilicity alterations. FQ calculated as the ligand efficiency, correcting the potency values of a compound for its molecular weight by adjusting the number of heavy atoms. In their study, a series of 3-substituted azetidine inhibitors, including five- and six-membered heterocycles, were optimized by monitoring the improvements in FQ and LipE. The introduction of a pyrazole into 3-substituted azetidines resulted in a compound (**15**) with high efficiency (IC~50~ = 0.18 nmol/L, hMAGL), suggesting pyrazole could serve as an efficient linker of the azetidines. Continued optimization of the pyrazole substituent did not significantly improve the potency, but maximized LipE values of the inhibitors by substituting with pyrazine (compound **16**). According to the *in vitro* data, compound **15** was selected as a well-optimized MAGL inhibitor, and the selectivity profile of **15** was evaluated by ABPP against a panel of 42 serine hydrolases. The results demonstrated that **15** significantly inhibited (\>70%) ABHD6, CES1, CES2, MAGL and PLA2G7 at 1 μmol/L, and FAAH at 10 μmol/L[@bib66]. Additionally, the activity and proteome-wide selectivity in human brain vascular pericytes (cellular context) were determined by click chemistry ABPP with alkyne-containing probe (**17**). Clickable probe **17** was selective against MAGL at low concentration (\<IC~50~), whereas an additional protein band at ∼40 kDa molecular weight was observed at high concentrations from sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) results[@bib66]. *In vivo* experimental studies of **15** have shown to elevate central 2-AG levels at a dose of 10 mg/kg, implicating the *in vivo* inhibitory activity of **15**[@bib66]. However, the increase of 2-AG levels in mouse brain by **15** was less robust comparing with the corresponding piperidine **18**, suggesting the azetidine-derived analogues might exhibit reduced pharmacodynamics effects. The authors speculated that the azetidine adducts formed at the active site of MAGL might be rapidly hydrolysed from the enzyme, whereas compounds containing larger ring cores such as piperidine (**18**) might have improved MAGL adduct stability and produced prolonged pharmacodynamics effects. Thus, further effects were focused on the optimization of the core system of azetidine-derived inhibitors. To this end, compound **19**, based on a \[3.1.0\] bicyclic core system, was discovered and retained high MAGL potency (IC~50~ = 1.4 nmol/L) and excellent selectivity[@bib86]. Although compound **19** has a promising pharmacology profile, the high lipophilicity and poor kinetic solubility (\<1 μmol/L) make it a less than ideal inhibitor. To address this, the leaving groups were systematically explored to improve drug-like properties, resulting in the identification of inhibitor PF-06795071 (**20**, IC~50~ = 3 nmol/L), which features a novel stereodefined trifluoromethyl glycol leaving group[@bib86]. PF-06795071 has an excellent MAGL pharmacology profile, along with significantly improved physicochemical properties and LipE value. PF-06795071 also showed high selectivity over other serine hydrolases and a clean *in vitro* safety profile[@bib86]. Moreover, PF06795071 showed good central nervous system (CNS) distribution in mouse brain and a suitable pharmacokinetic (PK) profile, and could be used as an ideal tool to study *in vivo* efficacy[@bib86]. Administration of PF06795071 robustly increased mouse brain 2-AG accumulation, demonstrating the high *in vivo* efficacy of this compound. Notably, PF06795071 also reduced brain inflammatory markers in response to LPS challenge. The discovery of this glycol leaving group series provides an important scaffold for developing MAGL inhibitors, which can be used to treat neuro inflammatory conditions with injection of vein delivery.

Most recently, Abide Therapeutics[@bib76] reported a carbamate-based irreversible inhibitor ABX-1431, which is a first-in-class experimental drug for MAGL. To the discovery, optimization and profiling of ABX-1431, ABPP is the key technology that has been used. Particularly, competitive ABPP ([Fig. 4](#fig4){ref-type="fig"}b) was applied to study target engagement for covalent irreversible inhibitors in living systems[@bib99]. Initially, HFIP carbamate-based MAGL inhibitors such as KML29 and JW651 were chosen as staring points for the rational design of novel MAGL inhibitors. To optimize both MAGL potency and serine hydrolase selectivity simultaneously, Cisar et al.[@bib76] used competitive gel-based ABPP with two distinct activity-based probes (FP-Rh and JW912) for the initial screening analysis. ABPP probe JW912 provides initial potency and selectivity information for MAGL inhibitors in multiple human proteomes. Of note, the selectivity assessment by JW912 is only limited to off-targets ABHD6 and phospholipase A2 group VII (PLA2G7). Therefore, they used an additional ABPP probe FP-Rh, which enabled detection of many serine hydrolases, to evaluate the interaction of their MAGL inhibitors on the serine hydrolase family. The first round of optimization starts with a symmetrical biaryl analogue JW651 (**10**); however, the replacement of the phenyl group by various heterocyclic rings did not significantly improve the potency or selectivity. To reduce the high lipophilicity of JW651 analogues, the authors evaluated the impacts of aryl groups by removing one of them, which resulted in the improved selectivity profile, while maintaining high MAGL potency. Further systematic SAR studies on the phenyl substitutions led to the discovery of pyrrolidine analogue ABX-1431 (**21**, [Fig. 8](#fig8){ref-type="fig"}), which displayed high potency and selectivity for MAGL in human PC3 lysates and rodent MAGL brain homogenates. ABX-1431 (IC~50~ = 8 nmol/L, recombinant human MAGL) is described as a highly selective, potent and CNS-penetrant MAGL inhibitor. Moreover, this compound has excellent drug-like property and is suitable for once-per-day oral administration. Mass spectrometry-based ABPP has demonstrated that ABX-1431 retains high activity and selectivity in human cellular assays and human prefrontal cortex proteomes[@bib76]. Although ABX-1431 is a lipophilic molecule and has a basic amine, it showed only weak hHEG channel activity (IC~20~ ∼7 μmol/L). Additionally, ABX-1431 did not display any significant activity against a panel of 95 common off-targets including enzymes, receptors, transporters, and ion channels at 10 μmol/L, and had low propensity to inhibit human recombinant CYP (cytochrome P450 proteins) enzymes (IC~50~ \> 50 μmol/L for CYP1A2, CYP2C9, CYP2C19, CYP3A4/5; IC~50~ = 6.5 μmol/L for CYP2D6). Furthermore, analysis in various transporter assays have shown that ABX-1431 was not an inhibitor or a substrate for P-gp (P-glycoprotein), BCRP (breast cancer resistant protein), and OCT2 (organic cation transporter 2) at 10 μmol/L[@bib76]. *In vivo* experimental data revealed that ABX-1431 inhibited MAGL with an ED~50~ of 0.5--1.4 mg/kg (*p.o*.) and dose-dependently increased 2-AG levels in mouse brain[@bib76]. Pharmacokinetic studies in rats and dogs have indicated that ABX-1431 has a low to moderate systemic clearance, moderate volume of distribution, and high oral bioavailability (64% in rat, 57% in dog, [Table 3](#tbl3){ref-type="table"})[@bib76]. Additionally, pharmacodynamic effects of ABX-1431 were assessed by using a rat inflammatory pain model, demonstrating that ABX-1431 exhibited potent antinociceptive effects in a formalin paw test at a single oral dose of 3 mg/kg (a dose produced near complete MAGL inhibition and maximal elevation of 2-AG)[@bib76]. Other pharmacological effects have not been reported yet in the literature. Positron emission tomography (PET) studies have shown that ABX-1431 inhibited MAGL in the brain in a dose-dependent manner[@bib76]. To the best of our knowledge, at least five different clinical trials have been tested for ABX-1431 ([Table 4](#tbl4){ref-type="table"}, [www.clinicaltrials.gov](http://www.clinicaltrials.gov/){#intref0010}). In phase 1 clinical studies, ABX-1431 was well-tolerated and safe, and the observed most common adverse effects were headache, somnolence, and fatigue. In a double-blind, randomized, placebo-controlled, cross-over phase 1b study, ABX-1431 showed positive effects on the symptoms of adult patients with Tourette\'s syndrome[@bib76], [@bib99]. Currently, ABX-1431 is entering clinical phase 2 studies for the treatment of several neurological disorders such as neuromyeltis optica and multiple sclerosis ([Table 4](#tbl4){ref-type="table"}). The results have shown that ABX-1431 had positive effects for patients suffering from neurological diseases. [Table 4](#tbl4){ref-type="table"} summarized current clinical studies of ABX-1431. Hopefully, ABX-1431 may have positive clinical results, to speed up the development of MAGL inhibitors.Table 3Pharmacokinetic parameters of MAGL inhibitor **21** (ABX-1431) in rat and dog.Table 3SpeciesOral *C*~max~ (μmol/L)*T*~max~ (h)CL (mL/min/kg)*V*~d~^ss^ (L/kg)i.v. *t*~1/2~ (h)*F* (%)Rat0.6888.014.73.23.664Dog0.7771.06.31.26.157Table 4Overview of current clinical studies of MAGL inhibitor **21** (ABX-1431).Table 4Study phaseStatusStudy titleCondition or diseaseIntervention/treatmentPhase 1Active, not recruitingA randomized, placebo-controlled, optimized titration study of ABX-1431 in adult patients with peripheral neuropathic pain.Post herpetic neuralgia\
Diabetic peripheral neuropathy\
Small fibre neuropathy\
Post-traumatic neuralgiaDrug: ABX-1431\
Drug: placebo oral capsulePhase 1CompletedA double-blind, placebo-controlled, crossover study to evaluate the safety and efficacy of ABX-1431 in patients with central pain.Neuromyelitis optical spectrum disorder\
Transverse myelitis\
Multiple sclerosis\
Longitudinally extensive transverse myelitisDrug: ABX-1431 HCl\
Drug: placeboPhase 1CompletedAn fMRI study in healthy volunteers to investigate the effects of ABX-1431 on experimental hyperalgesia and its neural correlates.PainDrug: ABX-1431\
Drug: placeboPhase 1Terminated (recruitment challenges)A single-dose study to evaluate the effects of ABX-1431 on gastric accommodation and nutrient volume tolerance in patients with functional dyspepsia.DyspepsiaDrug: ABX-1431\
Drug: placeboPhase 1CompletedA randomized, placebo-controlled, single-dose crossover study of ABX-1431 HCl in adult patients with tourette syndrome (TS) and chronic motor tic disorder.Tourette syndrome\
Chronic motor tic disorderDrug: ABX-1431\
Drug: placebo comparatorPhase 2RecruitingA randomized, placebo-controlled study of ABX-1431 in adult patients with tourette syndrome or chronic motor tic disorder.Tourette syndrome\
Motor tic disorderDrug: ABX-1431\
Drug: placebo

### 5.1.4. Ureas {#sec5.1.4}

Sanofi--Aventis[@bib100] reported a triazole urea compound SAR629 (**22**, [Fig. 9](#fig9){ref-type="fig"}), which acts as a potent covalent MAGL inhibitor. The X-ray data has demonstrated that the urea moiety of SAR629 interacted with the serine residue within the catalytic site of MAGL, followed by the formation of a carbamylated enzyme adduct and subsequent release of the triazole moiety ([Fig. 10](#fig10){ref-type="fig"})[@bib100]. SAR629 is proposed to irreversibly react with MAGL, however, the irreversibility still need to be examined. Subsequently, a series of urea-based MAGL inhibitors have been identified and optimized, such as compound ML30 (**23**, [Fig. 9](#fig9){ref-type="fig"}), showing high potency against hMAGL with an IC~50~ of 0.54 nmol/L determined by the \[^3^H\]-2-oleoyl glycerol hydrolysis assay[@bib87]. Further structural modifications of urea derivatives SAR629 and ML30 have been performed to improve the selectivity against MAGL, resulting in the identification of compounds JJKK-046 (**24**) and JJKK-048 (**25**, [Fig. 9](#fig9){ref-type="fig"}). Both **24** and **25** showed high inhibition activities against hMAGL with IC~50~ of 0.56 and 0.36 nmol/L, respectively, which were determined by a natural substrate assay[@bib83]. Furthermore, ABPP assays confirmed that these compounds were selective over other serine hydrolases, including FAAH and ABHD6[@bib83]. Of note, **25** was able to selectively increase 2-AG levels in rat brain without affecting AEA levels. Additionally, urea-based compounds **26** and **27** were reported to selectively inhibit MAGL at submicromolar concentrations ([Fig. 9](#fig9){ref-type="fig"}). As **26** and **27** were optimized from the scaffold of loratadine (**28**, a histamine H1 receptor antagonist, [Fig. 9](#fig9){ref-type="fig"}), they still maintained antagonistic activities against the histamine H1 receptor[@bib101].Figure 9Chemical structures of representative urea-based MAGL inhibitors **22**--**27** and loratadine **28** (histamine H1 receptor antagonist).Figure 9Figure 10(a) X-ray cocrystal structure of human MAGL (grey) with SAR629 (green), referred by PDB code [3JWE](pdb:3JWE){#intref0020}[@bib100]. (b) Key interactions of MAGL--SAR629, catalytic Ser132 covalently bound to SAR629. Hydrogen bonds are depicted as green dashed lines, whereas *π--σ* and *σ--σ* interactions are depicted as purple dashed lines.Figure 10

### 5.1.5. Arylthioamides {#sec5.1.5}

Arylthoamide derivatives such as CK16 (**29**) and CK37 (**30**) ([Fig. 11](#fig11){ref-type="fig"}) showed inhibition activities against MAGL with IC~50~ values of 355 and 154 nmol/L, respectively[@bib88]. Although the inhibition activities of these inhibitors are moderate, the low log*P* values make them favourable for the further development of MAGL inhibitors. *In vivo* experiments revealed that **29** slightly increased 2-AG levels, however, **30** dramatically elevated 2-AG levels. The discrepancy between those *in vivo* and *in vitro* experiments might be due to the stability of compounds **29** and **30**. Rapid dilution studies have suggested that **30** might inhibit MAGL irreversibly *via* a covalent binding[@bib88]. To further investigate the inhibition mechanism, the authors conducted other studies such as the addition of dithiothreitol (DTT) studies and mutated hMAGL constructs studies, and found the potential formation of a DTT-sensitive covalent bond between compound **30** and Cys208 or Cys242 that are noncatalytic residues in MAGL[@bib88]. According to their results, the formation of an adduct between inhibitor and the catalytic serine (Ser122) cannot be excluded.Figure 11Chemical structures of representative arylthioamides-based MAGL inhibitors **29** and **30**.Figure 11

5.2. Reversible inhibitors {#sec5.2}
--------------------------

### 5.2.1. Tetrahydrolipstatin (THL)-based inhibitors {#sec5.2.1}

THL ([Fig. 12](#fig12){ref-type="fig"}a) is an approved drug for the treatment of obesity by the inhibition of lipases. In 2003, THL was found to show high potency against DAGLs, enzymes that responsible for 2-AG biosynthesis ([Fig. 1](#fig1){ref-type="fig"}a)[@bib102]. Subsequently, a series of THL-based analogues were synthesized and screened leading to the identification of a MAGL inhibitor OMDM169 (**31**) ([Fig. 12](#fig12){ref-type="fig"}a)[@bib89], [@bib103]. OMDM169 inhibited MAGL with an IC~50~ of 0.89 μmol/L, and was more selective compared to its activity on DAGL*α* (∼7-fold) and FAAH (\>7-fold)[@bib89]. Of note, the inhibition activity of OMDM169 against MAGL varies among different enzyme species. For example, OMDM169[@bib89] exhibited better activity against rat MAGL than mouse MAGL in the brain ([Table 2](#tbl2){ref-type="table"}). In addition, OMDM169 was shown to modestly increase 2-AG levels without affecting AEA levels in neuroblastoma cells and in paws of formalin-treated mice. Initially, OMDM169 was reported as an irreversible inhibitor against *β*-lactone, however, subsequent studies have implicated that OMDM169 might covalently and reversibly interact with MAGL due to the hydrolysis of enzyme-inhibitor adduct ([Fig. 12](#fig12){ref-type="fig"}b)[@bib104], [@bib105].Figure 12(a) Chemical structures of tetrahydrolipstatin (THL, olistat) and MAGL inhibitor **31** (OMDM169); (b) plausible action mechanism of OMDM169 on MAGL by the formation of an acyl enzyme intermediate.Figure 12

### 5.2.2. Isothiazolines {#sec5.2.2}

Isothiazoline derivatives are considered as promising scaffolds for MAGL inhibitors. Octhilinone (**32**)[@bib34] ([Fig. 13](#fig13){ref-type="fig"}a) was described to inhibit rat recombinant MAGL with an IC~50~ of 88 nmol/L through a partially reversible mechanism where enzyme recovery was observed after dilution. Subsequent structure modifications generated **33** and **34** by introduction of a N-substituted long hydrophobic alkyl group (**33**) or replacement of isothiazolineone moiety with benziosthiazolinone (**34**, [Fig. 13](#fig13){ref-type="fig"}a)[@bib34]. The inhibition potencies of **33** (IC~50~ = 43 nmol/L) and **34** (IC~50~ = 20 nmol/L) against MAGL were slightly improved in comparison with **32**[@bib34]. The interaction mechanism of **32** was further investigated using a reducing agent DTT. The enzyme inhibition induced by **32** was blocked by the addition of DTT, but not other MAGL inhibitors[@bib34]. The results indicated that **32** might form a reducible bond with amino acids in the active site of MAGL, which is different from the formation of a Michael addition product[@bib34]. Accordingly, **32** was proposed to form a disulphide bond with MAGL ([Fig. 13](#fig13){ref-type="fig"}b).Figure 13(a) Chemical structures of isothiazolinone-based MAGL inhibitors **32**--**34**; (b) proposed inhibition mechanism by **32** at MAGL: formation of a disulphide adduct.Figure 13

### 5.2.3. Natural terpenoids {#sec5.2.3}

The naturally occurring terpenoids pristimerin (**35**) and euphol (**36**) are described as reversible MAGL inhibitors ([Fig. 14](#fig14){ref-type="fig"})[@bib90]. Compound **35** was reported to inhibit purified recombinant rat MAGL with an IC~50~ of 93 nmol/L and increase 2-AG but not AEA levels in the brain[@bib90]. On the other hand, compound **36** (IC~50~ = 315 nmol/L, purified recombinant rat MAGL), less potent than **35**, whilst it did not alter 2-AG concentrations in the brain[@bib90]. According to the chemical structure, the quinone methide group (**35**) is capable of reacting with the cysteine to form a covalent intermediate[@bib106]. To verity the inhibition mechanism of **35**, rapid dilution assays were performed. The catalytic activity of MAGL was recovered after rapid dilution of the MAGL--**35** mixture, implicating a reversible inhibition mechanism. Moreover, time-course experiments and kinetic studies demonstrated that **35** inhibited MAGL in a rapid, reversible and non-competitive manner[@bib106]. Terpenoids **35** and **36** were reported to occupy a common hydrophobic pocket located within the lid domain of MAGL and interact with the adjacent cysteines reversibly[@bib106]. Notably, the discovery of terpenoids was important for the development of novel, potent and reversible MAGL inhibitors.Figure 14(a) Chemical structures of MAGL inhibitors: natural terpenoids primisterin (**35**) and euphol (**36**).Figure 14

### 5.2.4. Amide-based derivatives {#sec5.2.4}

In 2010, Janssen Pharmaceutica[@bib107], [@bib108] patented a series of potent and reversible amide-based MAGL inhibitors. These inhibitors all possess piperazine and azetidine cycles with carbonyl groups in their structures ([Fig. 15](#fig15){ref-type="fig"}). The binding mode of these compounds was resolved by the X-ray crystallography using human MAGL and a representative compound **37**[@bib30]. Structure optimization of **37** led to the generation of a high potent inhibitor **38** (IC~50~ \< 5 nmol/L), which was able to increase 2-AG levels in the rat brain homogenate[@bib109]. In 2013, compounds with a piperidine rather than piperazine ring were reported as MAGL inhibitors (*e.g*., compound **39** and **40**; [Fig. 15](#fig15){ref-type="fig"}) in an US patent[@bib110]. A surrogate assay using 4-methylumbelliferyl butyrate as substrate was applied to evaluate the activity of these inhibitors on MAGL[@bib31]. The results revealed that these amide-based derivatives maintained high potency against MAGL with IC~50~ lower than 5 nmol/L. To evaluate the *in vivo* efficacy, compound **39** (30 mg/kg, *p.o*.) was administrated to the complete Freund\'s adjuvant (CFA)-induced cutaneous inflammation animal model, and ∼20% reversal of hypersensitivity was observed after 5 h[@bib110]. Several other neuropathic pain animal models were also discussed in the patent, but no relative results were reported.Figure 15Chemical structures of MAGL inhibitors: amide-based derivatives **37**--**40**.Figure 15

### 5.2.5. Other reversible inhibitors {#sec5.2.5}

In 2014, Hernande-Torres et al.[@bib91] found that compound c21 (**41**) was a potent, selective and reversible MAGL inhibitor with an IC~50~ of 180 nmol/L against mouse MAGL ([Fig. 16](#fig16){ref-type="fig"}a). To evaluate *in vivo* efficacy of **41**, the experimental allergic encephalomyelitis (EAE) mouse model was applied. EAE model is broadly studied as an animal model of human CNS demyelinating diseases, including multiple sclerosis and acute disseminated encephalomyelitis. Compound **41** alleviated the clinical progression of a multiple sclerosis mouse model without inducing undesirable CB~1~-mediated side effects in disparate *in vivo* mouse models[@bib91]. More importantly, as a reversible inhibitor, **41** did not induce catalepsy or other motor impairments that had been observed by irreversible inhibitors. In 2014, Tuccinardi et al.[@bib92], [@bib111] identified benzoylpiperidine derivatives as a new type of reversible MAGL inhibitors by a virtual screening study. As a starting point, **42** (CL6a, [Fig. 16](#fig16){ref-type="fig"}a) proved to be a promising inhibitor with an IC~50~ of 11.7 μmol/L against recombinant human MAGL[@bib111]. Probable binding poses from molecular modelling were used to guide the modification of **42**, leading to the generation of compound **43** with improved potency on MAGL (IC~50~ = 840 nmol/L, hMAGL; [Fig. 16](#fig16){ref-type="fig"}a)[@bib92]. Meanwhile, compound **43** displayed a high MAGL selectivity over FAAH as well as antiproliferative activity in a few cancer cells. Further optimization of **43** by replacing the *p*-chlorophenyl ring with a biphenyl ring led to ∼2-fold increase in its inhibition activity. This indicated that modification of the *p*-chlorophenyl region of these compounds is a promising strategy to improve the activity of inhibitors. Inspired by this, further structural optimization of **43** has been conducted by the same group, and identified compound **44** ([Fig. 16](#fig16){ref-type="fig"}a) as a new reversible MAGL inhibitor with high potency (IC~50~ = 80 nmol/L) and selectivity (IC~50~ values of MAGL against CB~1~R, CB~2~R, FAAH, ABHD6 and ABHD12 are all\>10 μmol/L)[@bib93]. Furthermore, the antiproliferative activities of **44** against aggressive cancer cells (*e.g*., human breast MDA-MB-231, colorectal HCT116, and ovarian CAOV3, OVCAR3 and SKOV3) have been evaluated, and **44** showed micromolar activities in these cells[@bib93]. In addition, administration of **44** to mice (50 mg/kg, i.p.) significantly increased 2-AG levels in mouse brain and plasma, which confirmed the *in vivo* inhibitory activity of **44**[@bib93]. The preliminary results have indicated **44** was one of the most active and selective reversible MAGL inhibitors that has been reported in literature so far, however, the *in vivo* efficacy and ADME properties of this compound are still required to be explored and optimized. Recently, Aghazadeh Tabrizi et al.[@bib112] reported a diphenylpyrazole derivative **45**, which has been characterized as a reversible mechanism-based MAGL inhibitor with good potency ([Fig. 16](#fig16){ref-type="fig"}a). **45** inhibited the activity of MAGL with an IC~50~ of 510 nmol/L, and exhibited a promising cell growth inhibitory activity in an antiproliferative assay in cancer cells that overexpress MAGL (*e.g*., OVCAR-3 and CAOV3). Moreover, the *in vivo* experiments have confirmed that **45** was effective for the treatment of neuropathic pain. In 2018, Takeda Pharmaceutical[@bib70] reported a series of novel piperazinyl pyrrolidine-2-one derivatives as reversible MAGL inhibitors using a structure-based drug design (SBDD) approach. Before the start of optimization, they identified a pyrrolidinone derivative **46** ([Fig. 16](#fig16){ref-type="fig"}b) through high-throughput screening campaign of their own compound library. However, compound **46** only showed moderate MAGL inhibitory activity (∼10% inhibition at 10 μmol/L). To improve the inhibitory activity, the cocrystal structure of amide-based inhibitor **37** and MAGL was applied to guide the structure optimization, and thus, the pyrimidinyl piperazine form **37** was introduced to the 4 position at the pyrrolidinone ring of **46**, leading to the generation of compound **47** ([Fig. 16](#fig16){ref-type="fig"}b). Compound **47** displayed significantly increased MAGL inhibitory activity with an IC~50~ of 140 nmol/L. Subsequently, a systematic SAR study on **47** was performed, and compound **48** ([Fig. 16](#fig16){ref-type="fig"}b) was identified as the most potent MAGL inhibitor with a subnanomolar inhibition activity (IC~50~ = 0.64 nmol/L)[@bib70]. However, the crystallography study has shown that a cocrystal structure was observed only for (*R*)-**48**, whereas the cocrystal experiments were performed using racemic **48**. This indicates that MAGL might recognize the chirality at position 4 of the pyrrolidinone ring. Although **48** exhibited high potency against MAGL, the metabolic stability in human liver microsomes was poor (181 μL/min/mg). To develop an orally available MAGL inhibitor, further optimization yielded (*R*)-**49** ([Fig. 16](#fig16){ref-type="fig"}b), which had a good balance between inhibition activity (IC~50~ = 5.0 nmol/L) and metabolic stability (65 μL/min/mg)[@bib70]. For selectivity assessment, (*R*)-**49** is selective against MAGL over FAAH (IC~50~ \> 10 μmol/L), however, the selectivity profiles over other enzymes like ABHD6 and ABHD12, or even on a proteome-wide selectivity profile are still required for (*R*)-**49**. PK studies have revealed that high exposure level of (*R*)-**49** was observed in both plasma and the brain after 1 h of oral administration to mice. To evaluate the pharmacodynamics properties of (*R*)-**49**, 2-AG and AA concentrations were measured from mice brains after 1 h of oral administration. It has shown that (*R*)-**49** dramatically reduced AA (25%) and increased 2-AG (340%) in mice brain *in vivo*[@bib70]. Taken together, these compounds would provide new perspectives for the development of reversible inhibitors against MAGL.Figure 16(a) Chemical structures of representative reversible MAGL inhibitors **41**--**45**; (b) development of new reversible MAGL inhibitors using structure-based drug design (SBDD).Figure 16

6. Conclusion and perspectives {#sec6}
==============================

MAGL activity has central functions in various biological systems, particularly endocannabinoid signalling and AA metabolism. A number of studies in disease models, including intestinal inflammation, hepatic injury, insulin resistance, depression and stress, have indicated that inhibition of MAGL might serve as a powerful anti-inflammatory pharmacological strategy. Generally, two effects have been observed by MAGL inhibition: i) inducing anti-inflammatory and analgesic effects *via* activation of CBs receptors by increasing 2-AG levels, and ii) reducing the production of prostaglandin levels by the lowered pool of AA. Based on these effects, development of MAGL inhibitors may have significant effects for inflammation and pain treatment.

Over the past decades, a number of MAGL inhibitors, particularly irreversible inhibitors, have been reported by both academia and pharmaceutical companies. Various strategies, including high-throughput screening, *de novo* design as well as optimization of existing compounds, have been applied to search for novel potent and selective MAGL inhibitors. The reported MAGL inhibitors were found to have a large number of therapeutic applications, including pain and inflammation, metabolic disorders, neurodegenerative pathologies, anxiety, epilepsy, and cancer. During the development of MAGL inhibitors, another important concern is the selectivity profile. Several other serine hydrolases such as FAAH, ABHD6 and ABHD12 have similar binding site properties with MAGL, whereas these enzymes exert different functions and have different endogenous substrates in human. Thus, to exclude the effects caused by inhibition of other enzymes and to highlight the key role of MAGL inhibition in the *in vivo* results, it is necessary to determine the selectivity profiles of reported MAGL inhibitors. Assisted by the powerful technique ABPP, several high potent and selective inhibitors (*e.g*., JZL184, KLM29 and MJN110) were developed and considered as useful tools to explore a wide range of positive effects that induced by MAGL inhibition in animal models. ABPP is an efficient chemical biology strategy that can be used to discover and optimize inhibitors for multiple enzymes both *in vitro* and *in vivo*. Importantly, ABPP provides a global map of interactions for covalent irreversible inhibitors, which is not limited to protein class or functions. Most of the reported MAGL inhibitors contain similar structural motifs. For example, piperidine or piperazine rings and urea or carbamate groups are often connected together (*e.g*., JZL184, MJN110, and SAR629). This common scaffold from MAGL inhibitors may interact with residues that involved in the catalytic process of MAGL. These residues might be the same portion that interact with the glycerol part of 2-AG, and are located in a very polar area of MAGL. In general, the known inhibitors can be classified into irreversible and reversible. Repeat administration of irreversible MAGL inhibitors to mice was reported to induce cross-tolerance with CB~1~ agonists. Accordingly, the utility of reversible inhibitors that temporarily block the enzyme would provide an important strategy for MAGL inhibitor development. However, pharmacological studies are still required to confirm that reversible inhibition of MAGL has better therapeutic effects and fewer side effects than irreversible inhibition. Of note, covalent binding modes do not necessarily result in irreversible inhibition (*e.g*., OMDM169), and hence, it is important to determine the exact kinetic properties of the inhibitors. Finally, Abide Therapeutics[@bib76] reported a first-in-class MAGL irreversible inhibitor ABX-1431, which is discovered and optimized by applying ABPP. To the best of our knowledge, this molecule has completed a placebo-controlled phase 1 study successfully, and is being evaluated in phase 2 clinical trials, which also showed promising preliminary results in patients with a neurological disease. It will be interesting to see whether chronic dose of ABX-1431 could induce functional antagonism of CB~1~R, or whether this molecule could mimic some psychoactive effects of CB~1~ agonists. Hopefully, the positive clinical results of ABX-1431 would ultimately provide a new alternative for patients with neurological disease such as Tourette\'s syndrome, and thus, speed up the research of MAGL inhibitor development. To conclude, the therapeutic potential of MAGL inhibition is promising, but further research still requires.

Although MAGL inhibition was disclosed to have the potential for cancer treatment, how MAGL affects the metabolism of cancer cells is not well understood, and studies about the role of MAGL in cancer are also contradictory. Therefore, further comprehensive and systematic investigation on the role of MAGL in cancer is still required. Besides, according to the preclinical studies, MAGL inhibitors may have some side effects such as inducing CB~1~R desensitization in a chronic use. To avoid these potential adverse effects, lowering the dose of currently available irreversible inhibitors to ensure that MAGL is not completely inhibited will be required. Also, developing potent and selective MAGL reversible inhibitors would be another rational strategy. FAAH inhibitor BIA 10-2474 represents an encouraging lesson for the development of reversible MAGL inhibitors. BIA 10-2474, a covalent and irreversible inhibitor, has shown high potency and selectivity against FAAH in both *in vitro* and *in vivo* preclinical studies, however, it eventually led to failure in clinical trials. It has been postulated that off-target activities of BIA 10-2474 might have played a role. By application of the ABPP technique, Esbroeck et al.[@bib113] found that BIA 10-2474 displayed greater cross-reactivities with human serine hydrolases than other clinically tested FAAH inhibitor (*e.g*., PF04457845), suggesting the potential possibility to cause metabolic dysregulation in the nervous system. Therefore, the selectivity profile of MAGL inhibitors should also be seriously taken into account in the research field of MAGL inhibitor development in the future. A comprehensive selectivity profile is highly suggested for a MAGL inhibitor that is subject to clinical trials. During the development of MAGL inhibitors, their selectivity over FAAH is of particular importance, because inhibition of the off-target FAAH will induce the negative effects of dual activation of 2-AG and AEA metabolic pathways *in vivo*. In addition, the selectivity over ABHD6 and ABHD12 and other serine hydrolases linked in 2-AG degradation is also essential in the search of novel MAGL inhibitors. Although both ABHD6 and ABHD12 account only a small percentage of 2-AG hydrolysis, these enzymes are not well characterized yet, therefore, complete inhibition consequences are still difficult to be predicted. Currently, although several different reversible MAGL inhibitors were reported, their chemical structures are not versatile. Most of them contain similar motifs, particularly, piperidine or piperazine rings are often linked to amide groups, whereas aromatic or heteroaromatic groups of various sized are presented on the other sides of molecules. Therefore, to develop potent and selective reversible inhibitors, rational design from this general scaffold will be a good starting point. Additionally, several cocrystal structures of MAGL and its inhibitors have been reported, which would be beneficial for researchers to rationally develop novel reversible inhibitors with better activity and selectivity. On the other hand, a high-throughput screening of a large variety of compound library will be another attractive approach to identify novel starting points for MAGL inhibitor development, as this approach has the potential to discover new scaffolds. Hopefully, a new class of reversible MAGL inhibitors with high potency and selectivity will be generated and could be developed as effective therapeutic agents in the future.
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[^1]: Note: mMAGL, mouse brain MAGL; rMAGL, rat brain MAGL; hMAGL, human recombinant MAGL.
